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ABSTRACT 


This  report  covers  work  carried  out  with  the  support  of  the  Rome 
Air  Development  Center  during  the  period  1  October  1980  through 
31  March  1981. 


The  spectral  dependence  of  the  optical  absorption  introduced  in 
InP  and  GalnAsP  by  proton  bombardment  has  been  measured  as  a 
function  of  dose.  The  induced  absorption,  which  increases  nearly 
linearly  with  dose,  extends  well  beyond  the  band  edge  and  de¬ 
creases  approximately  exponentially  with  wavelength  over  abroad 
range.  A  short  420®  C  anneal  reduces  this  bombardment- induced 
absorption  by  more  than  a  factor  of  10. 


A  study  has  been  made  of  the  etching  technique  used  to  delineate 
the  active  GalnAsP  layer  in  GalnAsP/lnP  double -heterostructure 
lasers.  It  was  found  that  careful  control  of  etch  solution  compo¬ 
sitions  and  etch  time  was  necessary  to  obtain  accurate  measure¬ 
ment  of  active  layer  thickness. 


A  new  method  has  been  demonstrated  for  the  prevention  of  thermal 

etching  or  decomposition  of  InP  substrates  prior  to  liquid-phase- 

epitaxial  (LPE)  growth.  With  this  method  the  substrate  is  stored 

in  the  growth  tube  at  room  temperature  during  the  pregrowth  bake 

and  then  is  transferred  to  the  LPE  slider  shortly  before  growth. 
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This  method  allows  both  high  purity  (n  «  1  X  10  cm  )  and  ex¬ 
cellent  surface  morphology  to  be  simultaneously  and  reproducibly 
obtained  for  both  InP  and  GalnAsP  LPE-grown  layers. 

High-quality Ti  -InP  layers  over  InGaAs  have  been  grown  from  Sn 
solutions.^  The  technique  is  generally  applicable  to  the  growth  of  an 
alloy  of  very  low  As  content  over  one  of  high  As  content.  The  abil¬ 
ity  to  grow  these  layers  may  facilitate  the  fabrication  of  improved 
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ELECTROOPTIC AL  DEVICES 

L  OPTICAL  PROPERTIES  OF  PROTON-BOMBARDED 
InP  AND  GalnAsP 

Proton  bombardment  has  been  used  to  modify  the  electrical  and  optical 

properties  of  GaAs  in  many  types  of  electrooptical  and  microwave  devices. 

In  general,  bombardment  is  used  to  create  high-resistivity  layers  in  both  n- 

and  p-type  GaAs;  however,  the  bombardment  also  induces  an  increase  in  op- 
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tical  absorption  near  the  GaAs  band  edge,  '  an  effect  which  may  be  detrimen¬ 
tal  for  some  electrooptical  devices,  particularly  lasers.  For  many  applications, 

a  post-bombardment  anneal  can  be  used  to  achieve  a  compromise  between  re- 
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sistivity  and  optical  attenuation.  ’ 

The  effects  of  proton  bombardment  in  InP  (Ref.  4)  differ  somewhat  from 
those  in  GaAs.  Very  high  resistivity  is  obtained  only  in  p-type  material  and 
only  for  a  narrow  range  of  proton  doses,  the  magnitude  of  which  scales  with 
the  initial  concentration  in  the  InP.  For  sufficiently  large  doses,  both  n-  and 
p-type  InP  become  only  moderately  high  resistivity  n-type  material.  Never¬ 
theless,  proton  bombardment  in  InP  can  be  used  effectively  for  some  applica¬ 
tions,  including  the  production  of  current-confining  regions  in  stripe-geometry 
GalnAsP/lnP  diode  lasers.5 

In  order  to  optimize  the  design  of  these  lasers,  as  well  as  to  effectively 
utilize  bombardment  in  other  InP-based  electrooptical  devices,  it  is  desirable 
to  know  more  about  the  optical  properties  of  proton-bombarded  layers.  We 
report  here  a  study  of  the  spectral  and  dose  dependence  of  the  proton- induced 
optical  attenuation  in  both  InP  and  GalnAsP  (X  ~  1.1  pm),  and  describe  the 
effect  of  an  anneal  at  moderate  temperature  which  strongly  reduces  the  induced 
attenuation.  The  results  of  these  measurements  are  qualitatively  consistent 
with  those  for  GaAs. 

The  wafer  used  for  these  measurements  consisted  of  a  p-type  InP  sub¬ 
strate  with  an  n-type  InP  buffer  layer  and  an  n-type  GalnAsP  layer,  both 

grown  by  liquid  phase  epitaxy  (LPE).  The  substrate  was  Cd-doped  and  had  a 
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hole  concentration  of  about  10  cm  .  The  5-pm-thick  buffer  layer,  which 

1 
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was  not  intentionally  doped,  had  an  electron  concentration  of  about  10  cm  , 
as  did  the  quaternary  layer,  which  had  a  composition  of  GaQ  17InQ  g3AsQ  4PQ  ^ 
(Xg  ~  1.1  ^im)  and  a  thickness  of  3.5  (j,m.  The  back  surface  of  the  wafer  was 
polished  and  the  wafer  was  then  cut  in  half.  The  GalnAsP  epitaxial  layer 
was  chemically  removed  from  one  of  the  halves  both  to  permit  measurement 
of  the  InP  absorption  and  to  serve  as  a  reference  transmission  to  deduce  the 
GalnAsP  absorption. 

For  the  proton  bombardment  and  the  optical  transmission  measurements, 
the  two  samples  were  mounted  over  holes  on  a  common  mounting  plate.  The 
samples  were  bombarded  with  a  multiple -energy  dose  of  protons  to  obtain 

4 

nearly  uniform  damage  throughout  a  3-pm-thick  bombarded  layer.  A  room- 
temperature  bombardment  schedule  of  N  protons/cm2  at  300  keV,  0.5  N  at 
200  keV,  and  0.33  N  at  100  keV  was  used  for  several  values  of  N  in  the  range 

JO  o  «  r  o 

3  x  10  cm  ^  N<:  3  x  10  cm  .  After  each  bombardment  (i.e.,  change 
in  N),  the  transmission  of  the  samples  was  measured  in  a  commercial  dual¬ 
beam  spectrophotometer  over  the  wavelength  range  0.8  to  2.4  |am.  The  abso¬ 
lute  transmission  was  determined  in  each  case  by  a  preliminary  100-percent 
transmission  determination  utilizing  two  additional  mounting  plates,  each  with 
holes  identical  to  the  ones  in  the  plate  on  which  the  samples  were  mounted. 

One  of  these  plates  was  left  in  the  reference  channel  for  the  sample  measure¬ 
ment.  The  accuracy  of  the  transmission  measurements  with  this  technique  is 
believed  to  be  ±1  percent. 

The  attenuation  coefficients  a  ^  and  a  2  of  the  InP  and  the  quaternary  layer, 

respectively,  prior  to  bombardment  were  calculated  from  standard  expressions 

for  optical  transmission.  For  these  calculations,  values  for  the  reflectivity 

of  the  materials  as  a  function  of  wavelength  were  calculated  from  the  values 
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of  refraction  index  reported  in  the  literature,  ’  and  the  small  reflection  at 
the  InP/GalnAsP  interface  was  neglected.  The  band-edge  attenuation  vs  wave¬ 
length  for  unbombarded  InP  and  GalnAsP  is  shown  in  Figs.  I-l(a)  and  (b),  re¬ 
spectively.  In  Fig.  I-i(a),  additional  data  from  the  review  paper  by  Seraphin 
and  Bennett6  are  shown  for  comparison.  Our  absorption  edge  is  shifted  to  a 
longer  wavelength  than  theirs  by  approximately  130  A.  The  reasons  for  this 
discrepancy  are  not  completely  understood,  although  possible  differences  in 


2 


Fig.  1-1.  Measured  absorption  vs  wavelength  for 
unbombarded  (a)  InP  and  (b)  GaQ  17InQ  g3AsQ  4Pq  g. 

The  data  denoted  by  "X"  in  (a)  are  taken  from  Ref.  6. 


sample  temperature  could  account  for  most  of  the  difference.  In  our  case,  the 
sample  was  heated  to  about  30°  C  above  room  temperature  because,  in  the  spec¬ 
trometer  used,  all  the  spectral  components  of  the  source  light  were  continu- 

-1 

ously  incident  on  the  sample.  The  small  (a  <  2  cm  )  attenuation  in  the  i-  to 
1.3-pm  range  is  characteristic  of  low -concentration  p-type  InP  (Ref.  8). 

For  the  quaternary  data,  it  is  interesting  to  note  the  change  in  slope  of  a 
vs  X  at  X  k1.11  pm.  A  similar  effect  occurs  in  InP  near  the  band  gap 

Q 

(X  =  0.92  pm)  (Ref.  6)  and  in  other  III-V  compounds,  and  it  seems  reasonable 
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to  conclude  that  the  band  gap  of  this  quaternary  is  about  1.11  pm.  This  con¬ 
trasts  with  a  value  of  1.14  pm  deduced  by  taking  the  band  gap  to  be  the  point 

where  the  transmission  drops  to  50  percent  of  T  ,  which  is  another  com- 

.0  max 

mon  method  of  determining  the  band  gap. 

After  proton  bombardment,  we  must  add  to  the  attenuation  exponents  in 
the  conventional  transmission  expressions  a  term  J  A  a  (x)dx  ~  An  L,  where 
L  ~  3  pm,  the  damage  depth,  and  Aa  is  the  average  damage-induced  attenua¬ 
tion  coefficient.  (Aa(x)  should  be  approximately  constant  with  depth  for  our 
case  of  a  nearly  uniform  damage  profile.]  Using  the  prebombardment  values 
of  a  ^  and  a2  and  the  post-bombardment  transmission,  we  can  then  solve  for 
Aa  L,  assuming  the  change  in  reflectivity  due  to  the  bombardment  is  negligible. 
It  should  be  noted  (see  Fig.  1-1)  that  values  of  a  up  to  a  factor  of  100  times 
higher  can  be  measured  for  the  thin  GalnAsP  layer  than  for  the  InP  sample. 

The  spectral  dependence  of  AaL  for  InP  and  GalnAsP  is  shown  in 
Figs.  I-2(a)  and  (b),  respectively,  with  the  normalized  proton  dose  as  param¬ 
eter.  The  reduction  of  the  data  to  obtain  these  curves  was  computer  assisted. 

The  proton  doses  were  normalized  to  D,  which  is  the  total  dose  using  the 
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implant  schedule  discussed  above  with  N  =  3  x  10  cm  .  As  shown  in 
Fig.  I-2(a),  there  is  substantial  attenuation  at  X  =  1.3  pm,  a  common  lasing 
wavelength,  for  doses  greater  than  0.33  D.  The  minimum  resolvable  change 
in  attenuation  for  InP,  AaL  ~  2  x  10  ,  corresponds  to  an  ~l-percent  change 

in  transmission,  the  instrument  accuracy,  out  of  ~  50-percent  total  transmis¬ 
sion.  This  degree  of  uncertainty  could  account  for  possible  errors  in  the  tails 
of  the  0. 1  D  and  0, 033  D  curves. 

The  data  for  GalnAsP  [Fig.  I-2(b)]  show  similar  behavior  to  those  for  InP, 

with  induced  attenuation  extending  well  beyond  the  band  edge  and  with  values 
3  -1 

of  Aa  ~  3  x  10  cm  near  the  band  gap.  An  interesting  aspect  is  the  maximum 
in  AaL  at  a  wavelength  of  ~1.15  pm.  If  the  curve  were  continued  to  short 
enough  wavelengths,  the  values  of  AaL  would  go  negative  at  the  band  gap  due 
to  a  decrease  in  the  absorption  coefficient  above  the  band  edge.  These  data 
are  not  plotted  here  due  to  the  scatter  in  the  results  between  the  various  bom¬ 
bardments.  However,  the  effect  is  consistent  with  that  seen  experimentally 
and  theoretically  for  other  induced  band-edge  absorption  mechanisms  such  as 
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Fig.  1-3.  Semi-log  plot  of  measured  bombardment -induced  attenuation 
exponent  AaL  and  uniform  attenuation  coefficient  Aa  vs  wavelength  with 
proton  dose  as  parameter  for  (a)  InP  and  (b)  GaQ  17InQ  83AsQ  4PQ 

The  reference  dose  D  is  defined  in  the  text.  Also  shown  in  each  case  is 
a  curve  "D-A"  indicating  attenuation  following  bombardment  of  dose  D 
and  a  5-min.  420#C  anneal  described  in  the  text. 
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electroabsorption  (Franz-Keldysh  effect).  This  dramatic  wavelength  varia¬ 
tion  in  induced  absorption  is  not  measurable  on  the  InP  samples,  or  in  previ¬ 
ously  reported  GaAs  studies,  because  the  large  band-edge  absorption  of  the 
relatively  thick  substrates  totally  masks  the  changes. 

The  bombardment-induced  absorption  is  replotted  on  a  semi-log  scale  in 
Figs.  I— 3(a)  and  (b)  for  the  InP  and  the  GalnAsP  samples,  respectively.  These 
curves  show  more  clearly  that  the  induced  attenuation  is  exponentially  depen¬ 
dent  on  wavelength.  At  doses  of  D  and  0.33  D,  one  can  model  the  attenuation 
-AX  -1 

as  AO  ~  e  with  A  =  3.1  pm  at  wavelengths  X  >  Xg  +  0.2  pm  for  both  ma¬ 
terials.  An  approximately  linear  dose  dependence  is  also  evident  for  wave¬ 
lengths  within  ~0.1  pm  of  the  band  gap  for  both  cases.  For  longer  wavelengths, 
it  is  difficult  to  scale  values  of  AaL  for  doses  from  0.1  and  0.33  D  due  to  the 
limited  measurement  accuracy.  However,  between  the  doses  of  D  and  0.33  D, 
the  change  in  AaL  is  about  a  factor  of  3  over  a  broad  wavelength  range. 

The  effect  of  a  modest  anneal  on  reducing  Ag  is  shown  in  Figs.  I- 3(a)  and 
(b)  by  the  curve  labelled  "D-A."  This  corresponds  to  annealing  the  sample 
bombarded  with  total  dose  D  at  420° C  for  5  min.  in  a  H2  atmosphere.  As  can 
be  seen,  the  attenuation  is  reduced  by  more  than  a  factor  of  10,  to  a  level  for 
the  InP  sample  comparable  to  a  bombardment  of  0.033  D  and  for  the  GalnAsP 
sample  comparable  to  a  dose  of  approximately  0.05  D.  This  anneal  corresponds 
to  the  heat  treatment  typically  used  for  alloying  ohmic  contacts  in  our  fabrica¬ 
tion  of  proton-defined  stripe-geometry  lasers.^  It  is  therefore  significant  that 
this  heat  treatment  greatly  reduces  Ag  in  the  InP  at  a  typical  quaternary  laser 
wavelength  of  1.3  pm.  These  results  suggest  that  one  should  be  able  to  opti¬ 
mize  the  proton  dose  and  anneal  of  GalnAsP  diode  lasers  to  maintain  current 
confinement  and  minimize  optical  attenuation  as  has  been  done  in  GaAs  (Ref.  2). 

A  comparison  of  the  data  for  Ag  vs  dose  and  wavelength  obtained  in  this 
work  with  that  for  GaAs  (Refs.  2  and  3)  indicates  qualitative  agreement.  It  is 
difficult  to  compare  exactly  the  amount  of  proton- induced  absorption  at  a  given 
dose  in  the  two  materials  because  only  single-energy  protons  were  used  in  the 
GaAs  work.  Nevertheless,  it  appears  that  the  attenuating  exponent  AaL  in  InP 
and  in  the  quaternary  alloy  is  ~6 0  percent  of  the  corresponding  value  in  GaAs. 


We  have  also  found  that  GaAs  tends  to  exhibit  an  exponential  wavelength  depen- 
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dence  An  ~  e  ,  but  with  A  =  2.2  pm  ,'Ref.  12). 


F. J.  Leonberger 
J.  N.  Walpole 
J.  P.  Donnelly 


Z.  L.  Liau 
G.  W.  Iseler 
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II.  CHEMICAL  ETCHING  OF  CLEAVED  FACETS 
OF  THE  GalnAsP/lnP  DOUBLE  HETEROSTRUCTURE 


The  thickness  of  the  GalnAsP  active  layer,  which  is  generally  0.1  to 

0.5  uni,  is  an  important  parameter  in  GalnAsP/lnP  double -heterostructure 

lasers.  For  an  accurate  measurement  it  is  necessary  to  delineate  the 

active  layer  in  the  cleaved  facets  by  chemical  etching.  Perhaps  the  most 

commonly  used  etchant  is  the  aqueous  solution  of  KOH  and  K,Fe(CN),,  which 

13  15  17  5  b 

preferentially  etches  the  GalnAsP  active  layer.  ’  '  However,  there 

exists  the  possibility  of  over-etch  (i. e.,  some  etching  of  the  InP  cladding 

layer),  which  can  result  in  an  apparent  active  layer  thickness  which  is 

greater  than  the  actual  value.  We  have  found  in  this  work  that  considerable 

over-etch  can  indeed  occur  for  the  commonly  used  etching  conditions  and 

have  determined  the  conditions  required  to  minimize  over-etch. 

The  GalnAsP/lnP  wafer  was  prepared  by  sequential  LPE  growths  of  a 
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Sn-doped  InP  buffer  layer  (n  a  2  x  10  cm  ),  a  nominally  undoped  GalnAsP 

active  layer  (with  nearly  exact  lattice  match  to  InP),  a  Zn-doped  InP  cladding 

layer  (p  as  2  x  10* ^cm  ^),  and  a  more  heavily  Zn-doped  InP  cap  layer  (p  s  3  x 

10*8cm  3)  on  an  (100)  InP  substrate  (Sn-doped,  n  as  1.5  x  10*^cm  8).  The 

active  layer  was  0.18  pm  thick;  the  thickness  of  the  buffer  layer  and  that  of 

the  sum  of  the  cap  plus  cladding  layer  were  both  ~4  pm.  Broad-area  lasers 

fabricated  from  similar  wafers  have  shown  threshold  current  densities  as 
2 

low  as  0.9kA/cm  with  an  emission  wavelength  of  1.3  pm.  The  wafer  was 
2 

1.0  x  1.5  cm  and  was  cleaved  into  some  20  strips  for  various  etching  tests. 

To  prepare  etching  solutions,  weighed  amounts  of  KOH  and  K^Fe(CN)^  were 
first  separately  dissolved  into  deionized  water  to  form  solutions  of  known 
concentrations.  The  two  solutions  were  then  homogeneously  mixed  to  form 
etching  solutions.  Four  different  etching  solution  compositions  were  used 
in  this  work,  as  shown  in  Table  II— 1  •  (The  concentrations  quoted  in  Table  II-l 
are  those  in  the  final  mixture.) 

Figure  II-l  shows  scanning  electron  microscope  (SEM)  micrographs  of 
an  unetched  sample  and  two  etched  ones.  It  should  be  noted  that  the  etched 


TABLE  11-1 

ETCHING  SOLUTIONS  USED  IN  THIS  WORK 

AND  THEIR  RATES  OF  OVER-ETCH 

Solution 

[K3Fe(CN)6] 

(KOH] 

Increase  of 
Apparent  Active 
Layer  Thickness 

1 

0.030  M 

1.5  M 

8.4  AA 

2 

0.0076 

1.5 

4.0 

3 

0.076 

1.5 

16.0 

4 

0.030 

3.0 

36.5 

1062n:R-0Z| 


UNETCHED 


lpfli 


InP  CAP  +  Inp 

CLADDING  GalnAsP  BUFFER 
LAYER  ACTIVE  LAYER 


ETCHED 
SOLUTION  3 

1 ,0  min. 


Fig.  II- 1.  SEM  micrographs  of 
cleaved  edges  of  an  unetched 
sample  and  two  etched  ones. 
These  samples  were  cleaved 
from  the  same  LPE  wafer. 


4.0min. 


samples  show  apparent  active  layer  thicknesses  which  are  considerably 
greater  than  that  of  the  unetched  one,  and  yet  the  layer  boundaries  still  re¬ 
main  very  sharp  (i.e.,  no  direct  evidence  of  over-etch).  The  apparent  active 
layer  thickness  was  measured  with  the  SEM  at  various  positions  across  the 
length  of  each  cleaved  strip.  Figure  II-2  shows  the  results  of  such  measure¬ 
ment  for  a  series  of  strips  etched  in  Solution  3.  The  average  of  apparent 
active  layer  thicknesses  of  each  strip  was  then  plotted  against  etching  time, 
as  shown  in  Fig.II-3.  Figure  n-3  shows  that  for  each  etching  solution  the 
apparent  active  layer  thickness  increases  linearly  with  etching  time.  The 
slopes  are  the  rates  of  thickness  increase  as  quoted  in  Table  II-l. 


Fig.  II- 2.  Apparent  active  layer  thicknesses  measured 
at  various  positions  across  a  series  of  cleaved  strips 
which  have  been  etched  for  different  lengths  of  time. 
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Fig.  II- 3.  Apparent  active  layer  thickness  as  a  function  of  etching 
time  for  three  different  etching  solution  compositions. 


It  should  be  noted  that  rates  of  increase  of  apparent  active  layer  thick- 

O 

ness  as  high  as  36.5  A/s  were  obtained  in  the  present  investigation;  yet  the 
concentrations  of  K^Fe(CN)^  and  KOH  used  in  this  work  were  comparable 
with  those  quoted  in  the  literature.***  In  view  of  these  results,  we  feel  that 
some  of  the  previously  published  data  concerning  laser  characteristics, 
which  depend  on  active  layer  thickness  measurement,  e.  g.,  the  normalized 
threshold  current  densities,  are  open  to  question.  (We  found  that  none  of 
the  published  work  which  employed  chemical  etching  for  active  layer  mea¬ 
surement  specified  the  etching  conditions.)  Based  on  the  present  work,  low 
etching  solution  concentrations  and  short  etching  times  (<10  s)  should  be  used 
in  order  to  reduce  the  over -etch  to  negligible  amounts. 


D.E.  Mull 
J.  N.  Walpole 
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HI.  SUBSTRATE  TRANSFER  TECHNIQUE  FOR  LPE  GROWTH 

A  new  method  has  been  demonstrated  for  preventing  thermal  etching, 
or  decomposition,  of  InP  substrates  prior  to  liquid-phase -epitaxial  (LPE) 
growth.  With  this  method,  the  substrate  is  stored  in  the  growth  tube,  but 
at  room  temperature,  during  the  pregrowth  bake  and  then  is  transferred  to 
the  LPE  slider  shortly  before  growth.  This  technique  requires  only  a  modest 
increase  in  apparatus  complexity  and,  for  the  most  part,  is  straightforward 
in  concept  and  use.  There  is  one  subtlety,  however,  which  yields  some  in¬ 
formation  about  a  source  of  contamination  in  the  LPE  growth  process,  as 
discussed  below. 

Long-term  baking  of  growth  solutions  is  necessary  to  reduce  the  net 

donor  concentration  in  LPE-grown  InP  and  InGaAsP  alloys  below  the 
1 6  -3 

1  x  10  cm  level.  Best  results  are  obtained  when  the  growth  directly 
follows  this  baking,  i.  e.,  without  opening  the  system  to  load  a  substrate. 

For  growth  of  InP  and  InGaAsP  alloys  of  moderate  phosphorus  content, 
thermal  etching  of  the  substrate  during  the  pregrowth  bake  can  be  prevented 
by  introducing  a  gaseous  source  of  phosphorus,  usually  PH^,  into  the  growth 
tube  atmosphere.  However,  for  growth  of  alloys  of  low  phosphorus  content, 
and  especially  for  InGaAs,  the  phosphorus  in  the  atmosphere  quickly  con¬ 
taminates  the  growth  solution. 

One  approach  to  this  problem  is  to  localize  the  protective  phosphorus - 

19 

rich  atmosphere  to  the  well  of  the  slider  containing  the  substrate,  a  method 
that  is  limited  to  short  bake  times  by  the  difficulty  of  providing  a  gas-tight 
well  in  an  LPE  boat.  The  technique  we  report  here,  of  storing  the  substrate 
outside  the  hot  zone  of  the  furnace  and  then  transferring  it  to  the  slider 
shortly  before  growth,  is  useful  for  indefinitely  long  bake  times.  For  ex¬ 
ample.  in  a  recent  growth  of  InGaAs,  the  boat  with  growth  and  etch  solutions 
was  baked  at  660°C  for  well  over  100 hr.  The  substrate  was  transferred  from 
its  room-temperature  environment  within  the  growth  tube  to  its  normal  pro¬ 
tected  prsition  in  the  slider  before  a  30-min.  pregrowth  equilibration.  Just 
prior  to  growth,  it  was  slid  to  an  open  well  for  inspection  through  the  trans¬ 
parent  furnace,  then  slid  under  a  pure  In  solution  for  a  slight  etchback,^  and 
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finally  slid  under  the  growth  solution.  As  in  all  our  growths  with  this  tech¬ 
nique,  there  was  no  visual  evidence  of  thermal  degradation  of  the  substrate 
at  the  time  of  the  inspection,  and  the  morphology  of  the  epitaxial  growth  was 
excellent. 

During  first  growths  using  the  substrate  transfer  technique,  the  piece 
of  graphite  which  served  as  the  substrate  carrier  was  kept  at  room  temper¬ 
ature  during  pregrowth  bake  and  then  moved  into  the  hot  zone  for  the  transfer. 

Although  the  growth  morphology  in  this  situation  was  fine,  the  net  donor  con- 

15  -  3 

centra tion  was  a  factor  of  10  to  50  larger  than  the  1x10  cm  expected.  A 
modified  procedure  incorporating  two  substrate  carriers  was  then  tried. 

One  carrier,  as  before,  held  the  substrate  at  room  temperature  during  the 
pregrowth  bake,  but  the  second  carrier  was  kept  in  the  hot  zone  of  the  fur¬ 
nace.  To  make  the  transfer,  the  baked  carrier  was  moved  out  of  the  furnace 
and  the  substrate  was  moved  into  it.  Then  this  carrier  was  moved  back  into 
the  furnace  and  the  transfer  to  the  slider  made.  With  this  procedure,  the 

i  r  _  O 

expected  1  x  10  cm"  net  donor  levels  have  been  reproducibly  obtained. 

Some  progress  in  understanding  the  necessity  of  this  second  substrate 

carrier  has  come  from  SIMS  analysis  of  the  LPE  InP.  The  unexpectedly  high 

donor  concentration,  which  occurred  with  the  single  substrate  carrier,  was 

apparently  due  to  sulfur.  There  are  several  possible  sources  of  sulfur,  but 

incorporation  of  sulfur  from  the  air,  in  the  form  of  SO 2  for  example,  could 

explain  the  observed  contamination  behavior.  The  gaseous  sulfur  compound 

is  likely  adsorbed  on  the  graphite  when  the  growth  system  is  opened  to  air 

and  then  readily  desorbed  upon  baking.  The  sulfur  initially  contaminates  the 

growth  solution  but  is,  in  large  part,  subsequently  removed  by  baking.  (SIMS 

15-3 

analyses  of  LPE-grown  material  with  N^-Na  ~  1  x  10  cm  give  approx¬ 
imately  equal  amounts  of  Si  and  S.)  In  the  case  where  the  single  substrate 
carrier  was  used,  the  epitaxial  growth  was  made  30  min.  or  so  after  the 
substrate  carrier  was  heated.  This  time  was  insufficient  for  removal  of  the 
sulfur  and  there  was  substantial  contamination.  In  the  two-carrier  experi¬ 
ment,  many  hours  of  pregrowth  baking  followed  the  graphite  heating.  The 

desorbed  sulfur  was  apparently  expelled  during  this  time  and  the  growth  with 
15-3 

N.-N  “1  x  10  cm  was  obtained, 
d  a 


S.  H.  Groves 
M.  C.  Plonko 


IV.  n+-InP  LPE  GROWTH  ON  InGaAs 

The  liquid -phase  technique  of  epitaxial  growth  (LPE)  has  proved  to  be 

well  adapted  to  heterostructure  growth  of  InGaAsP  alloys,  lattice -matched  to 

InP,  for  optical-fiber  communication  applications.  One  exception  to  this  is 

the  growth  of  InP  over  InQ  53Ga0  47As,  or,  more  generally,  the  growth  of  an 

alloy  of  very  low  As  content  over  one  of  high  As  content.  This  problem  has 

become  more  important  as  emphasis  has  shifted  from  desired  operation  at 

1.3-fim  wavelength  to  that  at  1.55  ^m.  Both  lasers  and  detectors  for  this 

longer  wavelength  have  been  fabricated;  however,  adequate  growth  usually 

has  been  achieved  at  the  expense  of  smaller -than-desired  refractive -index  and 

energy-gap  discontinuities  for  lasers  and  the  omission  of  a  contacting  window 

layer  for  detectors.  These  factors  may  have  compromised  performance.  We 

report  here  on  the  growth  of  high-quality  n  -InP  layers  over  InGaAs  by  use  of 

Sn  rather  than  In  solutions.  This  technique  is  directly  applicable  to  the  growth 
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of  avalanche -photodiode  structures. 

When  overgrowth  on  InGaAs  by  InP  from  In  solution  is  attempted,  there 

is  a  rapid  dissolution  of  the  InGaAs  which  leads  to  a  rough  interface  and  poor 

morphology  of  the  InP  layer.  (Recently,  this  dissolution  has  been  attributed 
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to  rapid  diffusion  of  As  in  the  solution.  )  In  order  to  achieve  good  epitaxial 
overgrowth,  it  is  necessary  to  decrease  the  rate  of  the  InGaAs  dissolution 
and/or  increase  the  rate  of  deposition  of  InP  (see  Ref.  23).  The  former  can 
be  accomplished  by  lowering  the  growth  temperature,  but  this  reduces  the 
solubility  of  InP  in  the  In  and,  thus,  decreases  the  rate  of  deposition.  (More 
accurately,  the  reduced  solubility  is  accompanied  by  a  reduced  temperature 
dependence  of  the  solubility,  which  determines  the  rate  of  deposition. )  In¬ 
creasing  the  supercooling  helps,  but  not  enough  to  give  satisfactory  overgrowth 
from  In  solutions. 

24  25 

A  comparison  of  the  InP  solubility  data  for  various  solutions  '  suggests 
that  the  dissolution/deposition  situation  should  be  considerably  improved  for 
Sn  solutions.  Figure  IV-1  shows  curves  from  Refs.  25  and  26  together  with 
our  measurements  for  InP-Sn  solutions.  The  rate  of  deposition  of  InP  from 
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Fig.  rv-l.  InP  solubility  in  Sn  and  In 
solutions.  Solid  line  for  Sn  solutions 
is  from  experimental  data  of  Ref.  25. 
Circles  are  from  present  experiment; 
because  of  pressure  loss  in  our  open- 
*  is*  LPE  system,  they  lie  below 
•iv»ed-tube  results  of  Ref.  25.  For 
**  ‘volutions,  solid  line  is  average  of 
s.ala  from  Refs.  25  and  26. 


Sn  solution  at  450* C,  for  example,  is  comparable  to  that  from  In  solution  at 
700°C,  and  at  temperatures  as  low  as  450#C  the  rate  of  InGaAs  dissolution 
should  be  much  reduced. 

Figure  IV -2  is  a  photomicrograph  of  the  cross  section  of  a  n+-InP/lnGaAs/ 

InP  structure  grown  using  the  Sn  solution.  The  high  quality  of  both  interfaces 

is  apparent.  Because  of  the  relatively  high  phosphorous  pressure  over  the  Sn 

solution  (a  property  that  has  recently  been  exploited  for  prevention  of  substrate 

27 

thermal  decomposition  ),  this  growth  was  made  in  two  steps.  First,  the 
InGaAs  was  grown  on  an  InP  substrate  at  64 5°  C.  Then,  after  the  growth  ap¬ 
paratus  was  cooled  to  room  temperature  and  the  components  of  the  InP-Sn 
solution  were  added,  then  n+-InP  was  grown  at  470°C.  Presumably,  a  capped 
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Fig.  IV-2.  Cross  section  of  n+-InP/lnGaAs/lnP  growth  showing 
high-quality  interfaces  for  both  layers  of  epitaxial  growth. 


InP-Sn  solution  would  prevent  phosphorous  contamination  of  the  InGaAs  growth 
solution,  and  the  double-layer  growth  could  be  made  without  a  separate  addi¬ 
tion  of  the  components  for  the  n+-InP  solution.  From  electrical  measurements 

made  on  similar  n  -InP  layers  grown  on  semi-insulating  InP(Fe)  substrates,  the 

19  -3 

donor  concentration  is  found  to  be  3.5  x  10  cm  and  the  room-temperature 

2 

electron  mobility  to  be  450  cm  /V-s.  Within  the  source-broadening  limitations 
of  the  single-crystal  x-ray-diffraction  technique,  the  x-ray  lines  of  the  InP(Sn) 
are  the  same  as  those  of  bulk  InP. 

Finally,  it  is  noted  that  this  technique  is  useful  for  n  -InP/n-InGaAs/n-InP/ 
p+-InP  inverted-mesa  avalanche  photodiodes,  where  a  thin  window  layer  of 
n+-InP  over  the  n-  or  n" -InGaAs  is  used  to  prevent  carrier  depletion  to  the 
surface.  For  laser  structures  a  p-type  InP  overgrowth  of  the  InGaAs  (or  the 
InGaAsP  alloy  with  emission  at  1.55  pm)  is  desired.  Growth  from  Cd  solution 
might  prevent  the  InGaAs  dissolution,  but  the  resulting  p-InP  layer,  aside 
from  possible  problems  with  the  formation  of  Cd3P2,  would  have  excessive 
free-carrier  absorption  loss  for  the  laser  structure.  Other  solutions  doped 
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with  small  amounts  of  Zn  might  produce  suitable  layers.  The  reader  is 

referred  to  the  precautionary  note  by  Buehler  and  Bachmann  on  the  high  phos- 

25 

phorous  pressures  that  are  present  over  Pb  and  Bi  solutions. 

S.  H.  Groves 
M.  C.  Plonko 
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Optical  Properties  of  Proton  Bombarded  InP  and  GalnAsP 

F.  J.  LEONBERGER,  J.  N.  WALPOLE,  and  J.  P.  DONNELLY 


Abstract -The  spectral  dependence  of  the  optical  absorption  intro¬ 
duced  in  InP  and  GalnAsP  by  proton  bombardment  has  been  measured 
as  a  function  of  dose.  A  multienergy  bombardment  schedule  was  used 
in  order  to  produce  a  uniformly  bombarded  layer  3  <im  thick.  The 
induced  absorption,  which  increases  nearly  linearly  with  dose,  extends 
well  beyond  the  band  edge  and  decreases  nearly  exponentially  with 
wavelength  over  a  broad  range.  A  short  420°C  anneal  reduces  this 
bombardment-induced  absorption  by  more  than  a  factor  of  ten. 

PROTON  bombardment  has  been  used  to  modify  the 
electrical  and  optical  properties  of  GaAs  in  many  types  of 
electrooptical  and  microwave  devices  [1],  In  general,  bom¬ 
bardment  is  used  to  create  high-resistivity  layers  in  both  n-  and 
p-type  GaAs;  however,  the  bombardment  also  induces  an 
increase  in  optical  absorption  near  the  GaAs  band  edge  [2], 
{3],  an  effect  which  may  be  detrimental  for  some  electroopti¬ 
cal  devices,  particularly  lasers.  For  many  applications,  a 
postbombardment  anneal  can  be  used  to  achieve  a  compromise 
between  resistivity  and  optical  attenuation  [2] ,  [3] . 

The  effects  of  proton  bombardment  in  InP  [4]  differ  some¬ 
what  from  those  in  GaAs.  Very  high  resistivity  is  obtained 
only  in  p-type  material  and  only  for  a  narrow  range  of  proton 
doses,  the  magnitude  of  which  scales  with  the  initial  concentra¬ 
tion  in  the  InP.  For  sufficiently  large  doses,  both  n-  and  p-type 
InP  become  only  moderately  high-resistivity  n-type  material. 
Nevertheless,  proton  bombardment  in  InP  can  be  used  effec¬ 
tively  for  some  applications,  including  the  production  of 
current  confining  regions  in  stripe-geometry  GalnAsP/InP 
diode  lasers  [5]. 

In  order  to  optimize  the  design  of  these  lasers,  as  well  as  to 
effectively  utilize  bombardment  in  other  InP-based  electro- 
optical  devices,  it  is  desirable  to  know  more  about  the  optical 
properties  of  proton-bombarded  layers.  We  report  here  a 
study  of  the  spectral  and  dose  dependence  of  the  proton- 
induced  optical  attenuation  in  both  InP  and  GalnAsP  (X^  ~ 
1.1  pm),  and  describe  the  effect  of  an  anneal  at  moderate 
temperature  which  strongly  reduces  the  induced  attenuation. 
The  results  of  these  measurements  are  qualitatively  consistent 
with  those  for  GaAs. 

The  wafer  used  for  these  measurements  consisted  of  a  p-type 
InP  substrate  with  an  n-type  InP  buffer  layer  and  an  n-type 
GalnAsP  layer,  both  grown  by  liquid-phase  epitaxy  (LPE). 
The  substrate  was  Cd-doped  and  had  a  hole  concentration  of 
about  10n  cm'3 .  The  5  pm  thick  buffer  layer,  which  was  not 
intentionally  doped,  had  an  electron  concentration  of  about 
1017  cm"3 ,  as  did  the  quaternary  layer,  which  had  a  composi¬ 
tion  of  Ga0,17In0,g3  AS0.4P0.6  (X*  ~  1.1  pm)  and  a  thickness  of 
3.5  pm.  The  back  surface  of  the  wafer  was  polished  and  the 
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wafer  was  then  cut  in  half.  The  GalnAsP  epitaxial  layer  was 
chemically  removed  from  one  of  the  halves  to  permit  both 
measurement  of  the  InP  absorption  and  to  serve  as  a  reference 
transmission  to  deduce  the  GalnAsP  absorption. 

For  the  proton  bombardment  and  the  optical  transmission 
measurements,  the  two  samples  were  mounted  over  holes  on  a 
common  mounting  plate.  The  samples  were  bombarded  with 
a  multiple-energy  dose  of  protons  to  obtain  nearly  uniform 
damage  throughout  a  3  pm  thick  bombarded  layer  [4],  A 
room-temperature  bombardment  schedule  of  N  protons/cm2 
at  300  keV,  0.5  N  at  200  keV,  and  0.33  A  at  100  keV  was 
used  for  several  values  of  N  in  the  range  of  3  X  1013  <  V< 
3  X  10ls.  After  each  bombardment  (i.e.,  change  in  V)  the 
transmission  of  the  samples  was  measured  in  a  commercial 
dual-beam  spectrophotometer  over  the  wavelength  range  of 
0.8-2.4  pm.  The  absolute  transmission  was  determined  in 
each  case  by  a  preliminary  100  percent  transmission  determi¬ 
nation  utilizing  two  additional  mounting  plates,  each  with 
holes  identical  lo  the  ones  in  the  plate  on  which  the  samples 
were  mounted.  One  of  these  plates  was  left  in  the  reference 
channel  for  the  sample  measurement.  The  accuracy  of  the 
transmission  measurements  made  using  this  technique  is  be¬ 
lieved  to  be  ±1  percent. 

The  attenuation  coefficient  a,  of  the  InP  sample  prior  to 
bombardment  was  computed  from  the  transmission  7",  using 
the  well-known  relation 


where  /?,  and  x,  are  the  InP  rc ;W-.ivity  and  wafer  thickness, 
respectively.  Similarly,  neglecting  the  small  reflection  at  the 
InP/GalnAsP  interface,  the  transmission  T2  of  the  sample 
with  the  epitaxial  quaternary  layer  is  given  by 

_(l-/M(l-R:)e~(a|*'*aiXl) 

where  /?2,  a2,  and  x2  are  the  reflectivity,  attenuation,  and 
thickness  of  the  quaternary  layer,  respectively.  Values  for  R, 
and  R2  were  calculated  as  a  function  of  wavelength  from  the 
values  of  refractive  index  reported  in  the  literature  [6],  [7). 
Equation  (1)  was  used  with  the  experimental  transmission  T, 
to  obtain  for  unbombarded  InP  the  attenuation  versus  wave¬ 
length  near  the  band  edge  shown  in  Fig.  1(a).  The  values  thus 
obtained  for  a,x,  were  then  used  in  (2)  with  the  measured 
values  of  T2  to  obtain  a2  versus  wavelength,  which  is  shown 
in  Fig.  1(b).  It  should  be  noted  that  values  of  a  up  to  a  factor 
of  100  times  higher  can  be  measured  for  the  GalnAsP  than 
for  the  InP  sample  as  a  consequence  of  the  much  greater 
thickness  of  the  InP  (280  pm  versus  3.5  pm)  and  the  minimal 
resolvable  transmission  change  of  1  percent.  In  Fig.  1(a). 
data  from  the  review  paper  by  Seraphin  and  Bennett  [6]  arc 
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in  Fig.  1(b).  It  should  be  noted  that  values  of  a  up  to  a  factor 
of  100  times  higher  can  be  measured  for  the  GalnAsP  than 
for  the  InP  sample  as  a  consequence  of  the  much  greater 
thickness  of  the  InP  (280  /rm  versus  3.5  Mm)  and  the  minimal 
resolvable  transmission  change  of  1  percent.  In  Fig.  1(a), 
data  from  the  review  paper  by  Seraphin  and  Bennett  [6j  are 
shown  for  comparison.  Our  absorption  edge  is  shifted  to  a 
longer  wavelength  than  theirs  by  approximately  130  A.  The 
reasons  for  this  discrepancy  are  not  completely  understood, 
although  possible  differences  in  sample  temperature  could  ac¬ 
count  for  most  of  the  difference.  In  our  case  the  sample  was 
heated  to  about  30°C  above  room  temperature  because  in  the 
spectrometer  used  all  the  spectral  components  of  the  source 
light  were  continuously  incident  on  the  sample.  The  small 
(a  <  2  cm'1 )  attenuation  in  the  1-1 3  tun  range  is  characteris¬ 
tic  of  low  concentration  p-type  InP  (8] . 

For  the  quaternary  data,  it  is  interesting  to  note  the  change 
in  slope  of  a  versus  X  at  X  *  1.1 1  Mm.  A  similar  effect  occurs 
in  InP  near  the  bandgap  (X,  =  0.92  /jan)  [6]  and  in  other 
III— V  compounds  [9],  and  it  seems  reasonable  to  conclude 
that  the  bandgap  of  this  quaternary  is  about  1.11  Mm.  This 
contrasts  to  a  value  of  1.14  Mm,  deduced  by  taking  the  band- 
gap  to  be  the  point  where  the  transmission  drops  to  50  per¬ 
cent  of  ^mi*  i  which  is  another  common  method  of  determin¬ 
ing  the  bandgap  [10]. 

After  proton  bombardment,  we  must  account  for  the  proton- 
induced  absorption  by  adding  to  ot|X,  in  (1),  and  to  OjX,  + 
ajXj  in  (2),  a  term  /Aa(x)dx  ~  AaL  where  L  ~  3  Mm,  the 
thickness  of  the  damaged  layer,  and  Aa  is  the  average  damage- 
induced  attenuation  coefficient  (Aa  should  be  approximately 
constant  with  depth  for  our  case  of  a  nearly  uniform  damage 
profile).  Using  the  prebombardment  transmission  to  obtain 


Fig.  2. 

values  for  a,x,  and  a,x,  +  a^Xj ,  and  using  the  post¬ 
bombardment  transmission  in  (I)  and  (2),  we  can  then  solve 
for  A aL,  assuming  the  change  in  /?,  and  R2  due  to  the 
bombardment  is  negligible. 

The  spectral  dependence  of  A  aL  for  InP  and  GalnAsP  is 
shown  in  Fig.  2(a)  and  (b),  respectively,  with  the  normalized 
proton  dose  as  a  parameter.  The  reduction  of  the  data,  using 
(1)  and  (2),  as  described  above,  to  obtain  these  curves  was 
computer  assisted.  The  proton  doses  were  normalized  to  D, 
which  is  the  total  dose  using  the  implant  schedule  discussed 
above  with  N  =  3X  10,s  cm'5 .  As  shown  in  Fig.  2(a),  there  is 
substantial  attenuation  at  X  =  1 .3  pm,  a  common  lasing  wave¬ 
length,  for  doses  greater  than  0 33  D.  The  minimum  resolv¬ 
able  change  in  attenuation  for  InP,  A  aL  ~  ?  X  10'5 ,  corre¬ 
sponds  to  an  ~1  percent  change  in  transmission  out  of  ~50 
percent  total  transmission.  This  degree  of  uncertainty  could 
account  for  possible  errors  in  the  tails  of  the  0.1  D  and 
0.033  D  curves. 

The  data  for  GalnAsP  show  similar  behavior  to  that  for  InP, 
with  induced  attenuation  extending  well  beyond  the  band 
edge  and  with  values  of  Aa  ~  3  X  10s  cm*1  near  the  bandgap. 
An  interesting  aspect  is  the  maximum  in  Aa L  at  a  wavelength 
of  ~1.15  Mm.  If  the  curve  were  continued  to  short  enough 
wavelengths  it  would  actually  go  through  zero  at  the  bandgap 
due  to  a  decrease  in  the  absorption  coefficient  above  the  band 
edge.  These  data  are  not  plotted  here  due  to  the  scatter  in  the 
results  between  the  various  bombardments.  However,  the 
effect  is  consistent  with  that  seen  experimentally  and  theoreti¬ 
cally  for  other  induced  band-edge  absorption  mechanisms  such 


AaL 


832 


IEEE  JOURNAL  OF  QUANTUM  ELECTRONICS,  VOL.  QE-17,  NO.  6,  JUNE  1981 


(a) 


Fig.  3.  Semiiog  plot  of  measured  bombardment-induced  attenuation 
exponent  AaL  and  uniform  attenuation  coefficient  Aa  versus  wave¬ 
length  with  proton  dose  as  parameter  for  (a)  InP  and 
(b)  Gao.17tno.g3Aso.4Po.6-  The  reference  dose  D  is  defined  in  the 
text.  Also  shown  in  each  case  is  a  curve  "D-A  ”  indicating  attenua¬ 
tion  following  a  bombardment  of  dose  D  and  a  5-min  420°C  anneal 
described  in  the  text. 

energy  gap  is  not  measurable  on  the  InP  samples,  or  in  pre¬ 
viously  reported  GaAs  studies,  because  the  large  band-edge 
absorption  of  the  relatively  thick  substrates  totally  masks  the 
effect. 

The  bombardment-induced  absorption  is  replotted  on  a 
semilog  scale  in  Fig.  3(a)  and  (b)  for  the  InP  and  the  GalnAsP 
samples,  respectively.  These  curves  show  more  clearly  that  the 
induced  attenuation  is  exponentially  dependent  on  wavelength. 
At  doses  of  D  and  0.33  D,  one  can  model  the  attenuation  as 
Aa  ~  e'AX  with  A  =  3.1  at  wavelengths  X  >  \g  +  0.2  pm  for 
both  materials.  An  approximately  linear  dose  dependence  is 
also  evident  for  wavelengths  within  ~0.1  pm  of  the  bandgap 
for  both  cases.  For  longer  wavelengths  it  is  difficult  to  scale 
values  of  AaL  for  doses  from  0.1  and  0.033  D  due  to  the 
limited  measurement  accuracy.  However,  between  the  doses 
of  D  and  0.33  D,  the  change  in  Aa L  is  about  a  factor  of  three 
over  a  broad  wavelength  range. 

The  effect  of  a  modest  anneal  on  reducing  Aa  is  shown  in 
Fig.  3(a)  and  (b)  by  the  curve  labeled  "D-A .”  This  corresponds 
to  annealing  the  sample  bombarded  with  total  dose  D  at 
420°C  for  5  min  in  an  H2  atmosphere.  As  can  be  seen,  the 
attenuation  is  reduced  by  more  than  a  factor  of  10,  to  a  level 
for  the  InP  sample  comparable  to  a  bombardment  of  0.033  D 
and  for  the  GalnAsP  sample  comparable  to  a  dose  of  approxi¬ 
mately  0.05  D.  This  anneal  corresponds  to  the  heat  treatment 
typically  used  for  alloying  ohmic  contacts  in  our  fabrication  of 
proton-defined  stripe-geometry  lasers  [5].  It  is  therefore 
significant  that  this  heat  treatment  greatly  reduces  Aa  in  the 


InP  at  a  typical  quaternary  laser  wavelength  of  1 3  pm.  These 
results  suggest  that  one  should  be  able  to  optimize  the  proton 
dose  and  anneal  cf  GalnAsP  diode  lasers  to  maintain  current 
confinement  and  minimize  optical  attenuation  as  has  been 
done  in  GaAs  [2]. 

A  comparison  of  the  data  for  Aa  versus  dose  and  wavelength 
obtained  in  this  work  to  that  for  GaAs  [2],  [3]  indicates 
qualitative  agreement.  It  is  difficult  to  compare  exactly  the 
amount  of  proton-induced  absorption  at  a  given  dose  in  the 
two  materials  because  only  single-energy  protons  were  used 
in  the  GaAs  work.  Nevertheless,  it  appears  that  the  attenuating 
exponent  A aL  in  InP  and  in  the  quaternary  alloy  is  ~60  per¬ 
cent  of  the  corresponding  value  in  GaAs.  We  have  also  found 
that  GaAs  tends  to  exhibit  an  exponential  wavelength  depen¬ 
dence  Aa~e'^x,but  withA  =  2.2  [12]. 

In  summary,  the  spectral  and  dose  dependences  of 
the  optical  attenuation  of  proton-bombarded  InP  and 
Gao.17Ino  g3As0  4P0  6  have  been  measured.  The  induced 
absorption  extends  well  beyond  the  band  edge,  increases 
nearly  linearly  with  dose,  and,  over  a  broad  range,  varies 
exponentially  with  wavelength.  A  short  420°C  anneal  has 
been  found  to  greatly  reduce  the  attenuation.  The  results 
found  are  qualitatively  similar  to  those  for  GaAs. 
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High-quality  epitaxial  growth  of  InP  over  InGaAs  without  dissolution  has  been  achieved  by  using 
Sn-rich,  rather  than  the  more  conventional  In-rich,  solutions.  This  technique,  which  produces 
n  +  -InP,  is  directly  applicable  to  growth  of p-i-n  and  avalanche  photodiode  structures  designed  for 
operation  in  the  1.55-pm  wavelength  region  of  minimum  loss  in  optical  fibers. 

PACS  numbers:  81.15.Lm,  68.55.  +  b,  85.60.Dw,  68.48.  +  f 


The  liquid  phase  technique  of  epitaxial  growth  (LPE) 
has  proved  to  be  well  suited  for  the  growth  of  InGaAsP  al¬ 
loys  lattice-matched  to  InP.  Heterostructures  of  these  mate¬ 
rials  have  found  wide  application  in  the  fabrication  of  lasers 
and  detectors  for  optical  fiber  communication  at  1 . 0-1.6 pm. 
One  area  of  difficulty,  however,  has  been  the  growth  of  InP 
over  Ino  sjGao^,  As,  or,  more  generally,  the  growth  of  an 
alloy  of  very  low  As  (high  P)  content  over  one  of  high  As  (low 
P)  content,  which  is  required  for  devices  operating  in  the 
long-wavelength  end  of  the  range.  This  problem  has  become 
more  important  with  the  increasing  interest  in  operation  in 
the  1.55-pm  region  of  minimum  fiber  attenuation.  Both  la¬ 
sers  and  detectors  for  this  longer  wavelength  have  been  fabri¬ 
cated;  however,  adequate  growth  usually  has  been  achieved 
at  the  expense  of  smaller-than-desircd  refractive  index  and 
energy-gap  discontinuities  for  lasers  and  the  omission  of  a 
contacting  window  layer  for  detectors.  These  factors  may 
have  compromised  performance.  We  report  here  on  the 
growth  of  high-quality  n + -InP  layers  over  InGaAs  by  use  of 
Sn  rather  than  In  solutions.  This  technique  is  directly  appli¬ 
cable  to  the  growth  of  structures  for  p-i-n  and  avalanche 
photodiodes. 

When  overgrowth  of  InP  on  InGaAs  (abbreviated  as 
InP/InGaAs)  from  In  solution  is  attempted,  typically  at 
600-650  *C,  there  is  a  rapid  dissolution  of  the  InGaAs, 
which  leads  to  a  rough  interface  and  poor  morphology  of  the 
InP  layer.  Recently,  this  dissolution  has  been  attributed  to 
rapid  diffusion  of  As  in  the  solution. 1  In  order  to  achieve 
good  epitaxial  overgrowth  it  is  necessary  to  decrease  the  rate 
of  the  InGaAs  dissolution  and/or  increase  the  rate  of  deposi¬ 
tion  of  InP.2  The  former  can  be  accomplished  by  lowering 
the  growth  temperature,  but  this  reduces  the  solubility  of 
InP  in  the  In  and  thus  decreases  the  rate  of  deposition.  (More 
accurately,  the  reduced  solubility  is  accompanied  by  a  re¬ 
duced  temperature  dependence  of  the  solubility,  which  in 
turn  lowers  the  rate  of  deposition.)  Increasing  the  supercool¬ 
ing  helps3  but  not  enough,  in  our  experience,  to  give  satisfac¬ 
tory  overgrowth  from  In  solutions. 

A  comparison  of  the  InP  solubility  data  for  various  sol¬ 
vents4'3  suggests  that  the  dissolution/deposition  situation 
should  be  considerably  improved  for  Sn  solutions.  Figure  1 
shows  solubility  data  for  InP  in  Sn  and  In  taken  from  Refs.  5 
and  6  and  from  our  measurements  for  InP-Sn  solutions.  It  is 
deduced  from  these  data  that  the  deposition  rates  in  InP 
from  Sn  solution  at  450  ‘C  and  from  In  solution  at  700  *C  are 
comparable.  At  the  low  temperature  of  450  *C  the  rate  of 
InGaAs  dissolution  should  be  much  reduced.  Furthermore, 


successful  attempts  to  grow  InP  from  Sn-rich  solutions  on 
InP  substrates  have  been  previously  reported  by  Astles  et  al ? 
and  by  Shay  et  al.* 

In  our  work,  n  +  -InP/InGaAs/InP  structures  have 
been  successfully  grown  by  using  a  conventional  In  solution 
for  deposition  of  the  InGaAs  layer  and  a  Sn  solution  for  the 
n  *  -InP  layer.  The  growth  is  carried  out  in  two  steps.  First, 
the  InGaAs  is  grown  on  the  InP  substrate  at  645  *C.  Then, 
after  the  growth  apparatus  is  cooled  to  room  temperature 
and  the  components  of  the  InP-Sn  solution  added,  the  n  +  - 
InP  is  grown  at  —470  *C.  This  procedure  was  adopted  to 
avoid  phosphorus  contamination  of  the  InGaAs  growth  so¬ 
lution  because  of  the  relatively  high  phosphorus  pressure 
over  the  InP-Sn  solution  (a  property  that  has  recently  been 
exploited  for  prevention  of  thermal  decomposition  of  sub- 
strates1*).  Alternatively,  a  tightly  capped  well  containing  the 
InP-Sn  solution  would  allow  the  double  layer  growth  to  be 
made  without  separately  adding  the  components  for  that 
solution. 

Figure  2  is  a  photomicrograph  of  the  cross  section  of  a 
n  +  -InP/InGaAs/InP  structure  grown  as  described  above. 
The  high  quality  of  both  growth  interfaces  is  apparent.  Au¬ 
ger  depth  profiling  measurements  have  been  made  on  a  simi¬ 
lar  structure,  but  one  grown  with  thin  epitaxial  layers  to 
reduce  the  sputtering  time.  The  resulting  data  are  shown  in 
Fig.  3.  We  have  been  unable  to  accurately  determine  the 
thicknesses  of  the  very  thin  layers  in  this  particular  growth 
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FIG.  1 .  InP  solubility  in  Sn  and 
In  solutions.  The  solid  line  for 
Sn  solutions  is  from  the  experi¬ 
mental  data  of  Ref.  5.  The  cir¬ 
cles  are  from  open-tube  mea¬ 
surements  made  using  a 
“transparent,”  gold  reflector- 
type  furnace  during  this  study. 
For  In  solutions,  the  solid  line 
is  an  average  of  the  data  from 
Refs.  5  and  6. 
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FIG.  2.  Crow  section  of  n  *  -InP/InGaAs/InPgrowth.  The  InGiAs  layer  is 
about  5  pm  thick  and  then*  -InP  is  about  2  pm  thick. 

to  calibrate  the  sputtering  rate  for  the  Auger  analysis.  An 
upper  limit  is  ~60  A/min  from  which  we  deduce  an  upper 
limit  on  the  InP(Sn)/InGaAs  junction  width  of  ~  200  A. 
However,  most  of  the  scanning  electron  microscope  (SEM) 
pictures  suggest  a  structure  thickness  and  thus  a  sputtering 
rate  half  the  upper  limit.  This  would  give  a  junction  width  of 
~  100  A,  which  is  comparable  to  the  width  of  the  abrupt 
InGaAs/InP  junction  reported  by  Cook  et  al.  and  which 
may  be  limited  by  the  Auger  depth  probe  resolution  under 
these  profiling  conditions.1  The  fact  that  the  «  +  -InP/In- 
GaAs  and  InGaAs/InP  transition  widths  in  Fig.  3  are  com¬ 
parable  is,  in  itself,  evidence  of  the  successful  InP 
overgrowth. 

Electrical  measurements  have  been  made  on  InP  layers 
grown  from  Sn  solutions  on  semi-insulating  substrates.  The 
donor  concentration  was  found  to  be  about  3.5  X 1019  cm-5 
and  the  room  temperature  electron  mobility  to  be  about  450 
cm2/V  sec,  in  rough  agreement  with  values  reported  in  Refs. 
7  and  8.  X-ray  diffraction  measurements  have  been  made  on 
these  layers,  and ,  within  the  source  broadening  limitations 
of  the  single-crystal  x-ray  diffraction  technique,  the  x-ray 
lines  of  the  InP(Sn)  are  the  same  as  those  of  bulk  InP.  More 
accurate  measurements  would  be  necessary  to  reveal  the  lat¬ 
tice  superdilation  phenomena  observed  on  highly  doped 
GaAs.'° 

Finally,  we  note  that  this  technique  is  useful  for  growth 
of  structures  for  p-i-n  and  avalanche  photodiodes,  where  a 
thin  layer  ofn+ -InP  over  the  InGaAs  provides  a  transparent 
contact  and  reduces  the  effects  of  surface  recombination  and 
carrier  diffusion. 1 1  For  laser  structures  a  p-type  InP  growth 
on  the  InGaAs  (or  the  InGaAsP  alloy  with  emission  at  1 .55 
pm)  is  desired.  Growth  from  a  Cd  solution  might  prevent  the 
InGaAs  dissolution,  but,  in  addition  to  the  possible  problem 
of  rapid  Cd  diffusion  into  the  InGaAs,  the  resulting  p+ -InP 
layer  probably  would  have  excessive  absorption  loss  for  the 


FIG.  2.  Auger  depth  profile  of  »n  n  *  -InP/InGaAs/InP  ttucture.  Sputter¬ 
ing  was  done  with  I  -keVAr*  -ion  bombardment.  For  Auger  measurements, 
404,  1070,  1228,  and  !20-eV  transitions  were  used  for  In,  Oa,  As,  and  P, 
respectively. 

laser  structure.  Solutions  of  other  elements  doped  with  Zn 
might  produce  suitable  layers.  We  have  attempted  to  use  Pb 
and  Bi  solutions  but  have  found  the  phosphorus  loss  to  be 
prohibitively  large,  as  predicted  by  Buehler  and  Bachmann.5 

It  is  a  pleasure  to  acknowledge  M.  C.  Finn  for  the  Auger 
analysis  and  P.  M.  Nitishin  for  scanning  electron  micro¬ 
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has  provided  substrate  material  and  A.  J.  Strauss  has  made 
helpful  comments  on  the  problem  of  growth  of  InP  from 
solutions  with  el emcnts  other  than  In  as  the  solvent.  This 
work  was  sponsored  by  the  Department  of  the  Air  Force. 
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LIQUID-PHASE  EPITAXIAL  GROWTH  OF  InP  AND  InGaAsP  ALLOYS  • 

S.H.  GROVES  and  M.C.  PLONKO 

Lincoln  Laboratory,  Massachusetts  Institute  of  Technology,  Lexington,  Massachusetts  021 73,  USA 


Liquid-phase  epitaxy  (LPE)  has  been  used  to  grow  high-quality  layers  of  InP  and  InGaAsP  alloys  on  InP  substrates  for  a  wide 
variety  of  device-development  and  physical-measurement  applications.  An  apparatus  featuring  a  transparent  furnace  and  an 
atmosphere  with  controlled  amounts  of  H2,  PH 3  and  H2O  has  proved  to  be  flexible  enough  for  diverse  crystal  growth  require¬ 
ments.  Carrier  concentration  vs  temperature  measurements  on  LPE-grown  InP  and  InGaAsP  samples  with  Ad  -  AA  in  the  low 
10I!  cm'3  range  show  that  they  contain  a  moderate  concentration  of  deep  donors.  There  is  evidence  that  these  deep  donor  states 
also  account  for  a  strong  peak  in  the  photoluminescence  seen  in  LPE-grown  samples.  Substrate-orientation  studies  have  shown 
that  critically  oriented  substrates  improve  the  morphology  for  growth  of  heavily  Zn-doped  InP. 


Liquid-phase  epitaxial  growth  of  InP  and  InGaAsP 
alloys  has  been  used  in  numerous  applications  at  MIT 
Lincoln  Laboratory.  These  include  the  development 
of  lasers  [1],  avalanche  photodetectors  [2,3].  mono¬ 
lithic  laser-modulators  [4],  waveguides,  microwave 
devices  and  solar  cells  [5].  Epitaxial  structures  have 
been  grown  for  the  measurement  of  ionization  coef¬ 
ficients  [6]  and  band  structure  parameters  [7],  Our 
efforts  have  been  devoted  mainly  to  those  applica¬ 
tions  which  require  low  carrier  concentrations. 

Our  growth  system,  shown  schematically  in  fig.  1, 
is  conventional  in  most  respects  but  contains  embel¬ 
lishments  that  have  provided  the  flexibility  needed 
for  a  laboratory-type  growth  system  for  InP  and 
InGasP  alloys.  Long-term  baking  is  of  special  con¬ 
cern,  and,  in  this  regard,  it  should  be  pointed  out  that 
both  types  of  detector  presently  of  interest  for  1.1- 
1 .6  /rm  fiber-optical  applications  -  the  InGaAsP/InP 
APD  [3]  and  the  InGaAs  PIN  detector  [8]  -  are 
improved  by  the  use  of  layers  with  carrier  concen¬ 
trations  in  or  below  the  low  I0,s  cm'5  range.  For 
LPE  material  long-term  baking  of  growth  solutions  is 
needed  to  reduce  the  impurity  concentration  to  this 
level. 

In  general,  the  liquidus  temperature  varies  with 
time,  and  in  our  apparatus  with  a  “transparent" 
furnace  [9]  the  liquidus  temperature  can  be  deter- 

*  The  work  was  sponsored  by  the  Department  of  the  Air 
force  and  the  Department  of  the  Navy. 


mined  visually.  Phosphorus  loss  from  the  growth 
solutions  can  be  prevented  by  the  addition  of  small 
amounts  of  PH3  to  the  growth  tube  atmosphere. 
Also,  the  PH 3  protects  the  substrate  from  decomposi¬ 
tion  [10],  which  permits  baking  with  the  substrate 
in  the  system  for  periods  of  50  h  or  more.  To  achieve 
the  lowest  carrier  concentrations  and  for  the  best 
reproducibility  in  baking,  small  amounts  of  02  are 
added;  this  readily  converts  to  H20  in  the  hot  growth 
tube.  The  composition  of  a  mixture  of  H2,  PH3  and 
H2O  for  a  growth  at  650°C  is  shown  on  the  figure; 
a  PH3  concentration  2—3  times  larger  is  used  for 
growth  at  700°C. 

The  process  of  obtaining  low  impurity  levels  by 
baking  the  growth  solution  is  still  a  matter  of  some 
mystery.  We  note  here  some  observations  from  our 
work.  First,  in  order  to  routinely  reduce  the  net 
impurity  level,  N d  -  AfA,  to  the  (1-2)  X  10,s  cm-3 
level  and  to  achieve  electron  mobilities  in  the 
50,000-70,000  cm 2/V  •  s  range  at  77  K,  growth  at 
~700°C  is  preceded  by  a  bake  of  50  h  or  more  at 
about  the  same  temperature  and  with  ~0.7  ppm  of 
added  H20  [11],  Second,  we  have  achieved  these 
results  with  indium  from  four  sources  [12],  However, 
each  source  was  verified  by  mass  spectrographic 
analysis  to  contain  impurities  at  no  higher  than  the 
1  ppm  level.  Third,  the  purity  of  the  graphite  is 
important.  A  mass  spectrographic  analysis  of  graphite 
used  in  an  apparatus  that  failed  to  produce  high  purity 
material  showed  1 50  ppm  of  S,  whereas  that  used  to 
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Fig.  1 .  LPE  growth  system  schematic. 


grow  high  purity  material  had  about  1  ppm  of  S.  We  might  be  conjectured  that  reducing  the  bake/growth 

have  used  high  purity  graphite  from  two  manufac-  temperature  from  700  to  6S0°C  produces  no  change 

turers  [13)  with  comparable  mass  spectrograph  and  in  /Vd  -  A'a  because  the  reduced  silicon  concentra- 

growth  results.  tion  in  the  growth  solution  is  offset  by  an  increased 

The  final  point  about  the  purity  of  LPE  material  silicon  distribution  coefficient.  However,  evidence 

is  that  the  simple  silicon  contamination  model  that  the  distribution  coefficient  does  not  vary  rapidly 

apparently  does  not  apply  below  the  1  X10,s  cm'3  with  temperature  comes  from  the  observation  that 

level.  In  fig.  2  calculated  silicon  donor  concentrations  for  growths  from  unbaked  solutions  ND-NA, 

are  shown  as  a  function  of  H20  pressure  and  tempera-  —1  X 10“  cm'3,  is  independent  of  growth  tempera¬ 
ture  (11).  For  our  standard  bake  procedure,  ture  in  the  6S0-700°C  range.) 

described  above,  the  silicon  concentration  in  the  A  characteristic  of  high  purity  InP  and  InGaAsP 

grown  material  should  be  about  1  X 10“  cm-3,  which  grown  by  LPE  is  that  it  shows  evidence  of  thermal 

is  in  good  agreement  with  the  measured  values  of  activation  of  electrons  from  a  deep  level  to  the  con- 

yVD  -  Nk.  However,  the  model  also  predicts  that  duction  band  at  temperatures  above  250  K  [14];  this 

raising  the  HjO  pressure  to  2  X  10"*  atm  or  decreas-  is  in  addition  to  the  usual  thermal  activation  from 

ing  the  bake/growth  temperature  to  650°C  should  shallow  donors.  Figs.  3  and  4  show  the  inverse  Hall 

lower  the  silicon  concentration  to  the  1  X  10“  cm'3  coefficient  vs  inverse  temperature  for  InP  and  an 

level.  In  fact,  recent  experiments  have  indicated  that  InGaAsP  alloy,  respectively.  The  main  figure  shows 

neither  of  these  lowers  /VD  -  jVA,  and  raising  the  HjO  *  the  low-field  Hall  data  which  vary  with  temperature 
pressure  to  2  X 10”*  atm  causes  the  mobility  to  primarily  because  of  electrons  transferring  to  the 

decrease,  indicating  increased  compensation.  (It  conduction  band  from  a  shallow  donor.  The  variation 
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Fig.  2.  Calculated  lines  of  constant  xgi  labeled  by  donor  con¬ 
centration  in  LPE  InP  for  a  Si  distribution  coefficient  of  30. 


of  electron  concentration  at  high  temperatures  is 
obscured  by  the  changes  in  the  Hall  scattering  factor  as 
the  scattering  mechanism  changes  from  primarily  that 
of  ionized  impurity  scattering  to  primarily  that  of 
polar-mode  lattice  scattering  1 15] .  In  this  region  it  is 
necessary  to  measure  the  Hall  coefficient  in  the  high- 
field  limit  to  determine  the  true  dependence  of  elec¬ 
tron  concentration  on  temperature.  Data  taken  at 
ISO  kG,  well  within  the  h  gh-field  regime,  are  shown 
in  the  insets.  The  extra  electron  concentration  at 
temperatures  above  2S0  K,  though  small  on  the  scale 
of  the  inaets,  has  been  observed  for  the  many  LPE- 
grown  samples  measured.  In  fig.  5  the  high-tempera¬ 
ture,  high-magnetic  field  Hall  data  are  plotted  for  an 
InP  sample  with  a  somewhat  lower  carrier  concen¬ 
tration  than  that  of  fig.  3,  and,  consequently,  the 
increased  concentration  due  to  the  deep  donors 
is  more  noticeable. 


Fig.  3.  Effective  electron  carrier  concentration  versus  1000/7" 
for  InP.  Solid  curve  is  calculated  using  Ejj*  3.7  meV.  Inset 
shows  high-magnetic-field  data;  curve  is  calculated  using 
deep-level  concentration  of  5  X10,s  cm-3  and  energy  of 
0.29  eV. 


Fig.  4.  Effective  electron  carrier  concentration  versus  1000 IT 
for  InoaGao.jAsojPoj-  Solid  curve  is  calculated  using 
Ejy  *  0.  Inset  shows  high-magnetic-field  data;  curve  is  calcu¬ 
lated  using  a  deep-level  concentration  of  3  X  10M  cm'3  and 
energy  of  0.12  eV. 
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Fig.  5.  Effective  electron  carrier  concentration  for  another 
InP  sample  from  measurements  made  at  H=  150  kG.  The 
solid  curve  is  calculated  with  the  same  deep  level  parameters 
as  in  fig.  3  but  a  lower  net  carrier  concentration. 

Photoluminescence  spectra  of  InP  and  the  same 
InGaAsP  alloy  [16]  are  shown  in  figs.  6  and  7.  Three 
peaks  are  observed;  the  highest  energy  peak  is  attri- 
bited  to  band-to-band  transitions,  and  the  lowest, 
together  with  a  peak  not  shown  at  0.3S  eV,  are  prob- 


Fig.  6.  Photoluminescence  spectrum  at  T—  77  K  for  undoped 
InP  grown  by  LPE. 


Fig.  7.  Photoluminescence  spectrum  at  T—  77  K  for 
undoped  alloy  of  lno4Gao.2Aso.5Poj  grown  by  LPE. 


ably  due  to  transitions  involving  the  2J+  impurity  level. 
The  intermediate  energy  peak,  in  InP,  was  previously 
identified  as  being  in  most  LPE  samples  and  in  the 
bottom  portions  of  undoped,  melt-grown  crystals  but 
absent  in  vapor-phase  epitaxy  [17],  The  extra  elec¬ 
tron  concentration  above  250  K  can  be  accounted 
for  by  taking  the  energy  difference  between  the  band- 
to-band  and  the  intermediate  peaks  as  the  energy  of 
the  deep  level.  For  InP  this  is  0.29  eV,  and  a  concen¬ 
tration  of  5  X  10* 5  cm'3  of  this  level  is  needed;  for 
the  InGaAsP  alloy  the  energy  is  0.12  eV,  and  a  con¬ 
centration  of  3  X  1014  cm'3  is  required.  The  reduced 
concentration  of  deep  levels  for  the  alloy  in  com¬ 
parison  to  the  InP  is  in  qualitative  agreement  with  the 
amplitudes  of  the  respective  photoluminescence 
peaks. 

The  prominence  of  the  intermediate  peak  for  LPE 
material  has  led  to  speculation  that  it  is  associated 
with  a  phosphorus  vacancy,  in  combination  with 
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another  impurity  [17].  Yu  recently  has  observed 
phonon  structure  on  this  line  and  fit  it  with  a  confi¬ 
guration  coordinate  model  [18].  It  is  not  yet  clear 
whether  or  not  his  model  is  compatible  with  the 
ground  state  0.2— 0.3  eV  below  the  conduction  band 
that  is  needed  to  fit  the  electron  concentration  vs 
temperature  data. 

Two  other  observations  were  made  relative  to  the 
deep  levels  discussed  above.  First,  the  extra  electron 
concentration  above  250  K  was  not  detected  for 
bulk  InP  of  comparable  purity  grown  by  the  liquid 
encapsulated  Czochralski  technique.  Second,  for  LPE 
samples  this  concentration  is  not  changed  by  the  ther¬ 
mal  annealing  process  reported  by  Eastman  at  this 
conference,  although  the  concentration  of  shallow 
levels  in  InP  is  reduced  by  the  annealing.  Neither 
shallow  nor  deep  level  concentrations  in  InGaAsP 
samples  are  affected  by  the  annealing  process. 


We  have  studied  the  effects  of  substrate  orienta¬ 
tion  on  surface  morphology.  Both  InP  and  InGaAsP 
have  been  grown  on  substrates  of  (110)  orientation. 
The  InP  grows  well,  probably  with  the  best 
morphology  of  the  three  high  symmetry  directions, 
but  the  InGaAsP  does  not.  The  InGaAsP  growth  tends 
to  form  (111)  facets,  rather  than  to  follow  the  (110) 
surface. 

The  second  series  of  studies  was  motivated  by 
Messham  and  Majerfeld’s  determination  of  the  critical 
orientation  for  (100)  and  (111)  surfaces  [19]. 
According  to  Rode’s  theory  [20],  when  there  is 
terraced  growth  the  tread  of  the  terrace  will  be  at  the 
singular  orientation,  e.g.  (100),  and  the  riser  will  be 
at  the  critical  orientation,  which  is  at  a  small 
angular  deviation  from  the  singular  orientation.  In 
this  situation  the  growth  morphology  will  be  greatly 
improved  over  that  on  nominally -oriented  (100)  sub- 


100  fim 


Fig.  8.  Photomicrograph  of  InP  LPE  growth  on  a  nominally  oriented  (,  ;  substrate. 
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strates  by  either  orienting  the  substrate  accurately  to 
the  singular  direction  or  nominally  orienting  it  to  the 
critical  orientation.  We  have  prepared  substrates 
oriented  2.6°  off  (100)  toward  a  <1 10)  direction,  the 
critical  orientation  determined  by  Messham  and 
Majerfeld,  to  test  for  improved  morphology.  Fig.  8 
is  a  photomicrograph  of  a  LPE  layer  of  InP  with 
morphology  not  untypical  of  that  obtained  for 
undoped  or  Sn-doped  growth  on  a  nominally  oriented 
(100)  substrate.  From  the  picture  it  is  unclear 
whether  or  not  the  structure  on  the  surface  is  related 
to  terracing.  Apparently  it  is  not,  because  we  have 
found  that  there  is  little  if  any  improvement  when 
similar  growths  are  made  on  critically  oriented  sub¬ 
strates.  Also,  growth  on  substrates  closely  oriented 
to  the  exact  (100)  (within  0.1°)  is  unchanged. 
Toyoda  et  al.  [21 )  observed  for  LPE  growth  of  GaAs 
that  even  small  amounts  of  supercooling  eliminate  the 
terracing,  and  a  similar  effect  may  occur  for  InP. 

An  exception  to  this  occurs  for  heavily  Zn-doped 
InP  growth.  Fig.  9a  shows  growth  of  a  layer  with  N  ^  = 
5  X  1017  cm-3  in  which  terracing  is  quite  evident.  Fig. 
9b  shows  growth  of  the  same  material  on  a  substrate 
oriented  2.6°  off  (100)  toward  a  (110)  direction,  and 
the  change  in  morphology  is  quite  striking.  Apparently 
the  critical  orientation  is  at  a  slightly  greater  angle, 
and  the  terracing  should  be  eliminated  altogether  for 
growth  on  that  orientation.  There  are  two  notes  of 
caution  on  the  use  of  the  critically  oriented  substrates. 
First,  the  background  roughness  in  fig.  9b  is  due  to 
the  etchback  under  indium  prior  to  growth.  The 
indium  etching  does  not  work  as  well  on  the  critically 
oriented  substrates  as  on  the  nominally  oriented 
(100)  surfaces.  However,  with  PH3  in  the  atmosphere 
to  prevent  thermal  etching,  the  indium  etch  before 
growth  is  unnecessary.  Second,  if  the  angle  deviates 
too  much  from  (100),  nucleation  problems  occur  (as 
seen  by  island  growth).  This  has  sometimes  been 
observed  at  sample  edges  where  rounding  in  substrate 
preparation  or  during  the  indium  etching  causes  too 
large  an  angular  deviation. 
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